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Abstract
The X-ray binary with the neutron star (NS), KS 1731–260, displays superorbital cycle similar to that in Her X-1.
The accretion disk had the memory of the cycle-length even when this modulation sometimes disappeared in the main
outburst of KS 1731–260, and during anomalous low state in Her X-1. The disk still existed during such seasons. Although
irradiation of the disk by X-rays is a viable explanation for the disk precession and warping (see model of Foulkes et al.),
the mechanisms which give rise to the observed X-ray modulation are quite different for each of these systems. Variable
absorption can explain this cycle only in Her X-1. We propose a variable mass accretion rate onto the NS in KS 1731–260
due to a highly variable impact of the inflowing mass stream with the changing phase of the cycle.
Keywords: radiation mechanisms - accretion, accretion disks - x-rays: binaries - optical - X-rays.
1 Introduction
KS 1731–260 (e.g. [2, 32]) and Her X-1 (e.g. [10])
are mass exchanging X-ray binary systems, with the
neutron star (NS) accreting matter from a low (or
medium)-mass companion. They can be considered spe-
cific type of transient systems as regards their activity
(On/Off transients in the notation of [13] (rapid rise,
very long (years) lasting state of activity, rapid return
to the inactive state)). Their active X-ray states were
accompanied by intense brightenings by more than a
magnitude in the optical [12] and near infrared bands
[21, 32].
Both these systems display cyclic modulation of X-
ray intensity during the active state (Her X-1: the cycle-
length PC ≈ 35 d [28], KS 1731–260 PC ≈ 38 d [22]).
This modulation is superorbital (about 20 times longer
than the orbital period Porb) in Her X-1 because its Porb
is only 1.7 d [28]. Since the observations of KS 1731–
260 in quiescence showed that the donor is of type G5V
(with a contribution of a synchrotron jet) [32], it is pos-
sible that the cycle is superorbital, too, if this star fills
its Roche lobe.
2 Observations
The data from ASM/RXTE [15] (one-day means) were
used. They contain the intensities Isum (1.5–12 keV)
and IA (1.5–3 keV), IB (3–5 keV), IC (5–12 keV). The
hardness ratios are HR1 = IB/IA and HR2 = IC/IB.
The optical data of Her X-1 come from the AAVSO
International database (Massachusetts, USA) [11].
3 Active State in KS 1731–260
In KS 1731–260, the X-ray active state with a compli-
cated evolution lasted for about 12.5 years [4]. After
return to quiescence, the luminosity is very similar to
that of the other quiescent NS systems [31]. The end
of the active state was accompanied by a decrease of
brightness by about 1.7 mag(H) in the infrared [21, 32].
ASM/RXTE monitored part of the active state. It
consisted of two segments of a largely different activity.
In the scenario of [24] using the model of [6], the whole
disk was thermally stable in the hot (ionized) state dur-
ing the main outburst. The rapid end of the main out-
burst was followed by a series of the echo outbursts,
ascribed to a thermally unstable disk with a series of
recurrently propagating cooling and heating fronts.
The X-ray light curve observed by ASM/RXTE is
shown in Fig. 1a. Moving averages (MA) of Isum with
the filter half-width Q = 5 d enhance the visibility of
the modulation on a timescale of days. To determine
the long-term evolution of Isum averaged over these fluc-
tuations, the data were fitted with the code HEC13. It
was written by Prof. P. Harmanec using the method of
[30]. The changes of Isum are not accompanied by the
variation of HR1 in the sense expected if absorption is
the cause of the modulation (using the coefficients of
[18]) (Fig. 1b). The same is true for HR2.
Search for the cycle-length in MA from Fig. 1a
was carried out with the weighted wavelet Z-transform
(WWZ) developed by [7]. This method enables one to
determine the period and amplitude of unevenly sam-
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pled time series. WWZ indicates whether or not there
is a periodic fluctuation at a given time at a given fre-
quency f (Fig. 2a). A similar result was obtained for
the one-day means of Isum. It emerges that neither the
period of the modulation, PC, nor its amplitude are sta-
ble. PC is not conclusively detected in some segments.
This is caused by a real, abrupt change of the light
curve.
Figure 1: (a) X-ray light curve of KS 1731–260 during
the main outburst. MA of Isum (Q = 5 d) enhance the
visibility of the modulation. The smooth curve shows
the main trend (the HEC13 fit). The time interval
around the conjunction with the Sun is marked. (b)
Time variation of HR1. The smooth line represents
MA for Q = 8 d. The errors of MA are the standard er-
rors. The big error bar and arrow in panel b mark the
influence of absorption. Three prominent extrema of
Isum and their HR1 are marked. See Sect. 3 for details.
Adapted from [25].
Fig. 2b shows the best PC, determined from f that
has the biggest value of WWZ at a given time (only the
segments in which the amplitude is larger than 50 per-
cent of its peak value). See [25] for details. The recur-
rence time TC of the echo outbursts is about 51 days
[24], which is quite different from PC in the main out-
burst (see also [22]).
Absorption of X-rays would influence mostly IA.
However, the variations of soft X-ray intensity during
the cycle suggest intrinsic changes of emission at un-
changed absorption (Fig. 1b).
The echo outbursts after the main outbursts in some
transients are helpful in investigating the nature of the
above-mentioned cycle in KS 1731–260. The recurrence
time TC of the echo outbursts is significantly longer for
the systems with longer Porb [24]. In this regard, we
present arguments in favor of the superorbital nature
of the cycle in the main outburst of KS 1731–260. If
PC of 38 d were close to Porb, the expected TC of the
echo outbursts would be at least 800 days, much longer
than observed.
Figure 2: (a) WWZ-transform of the moving averages
of KS 1731–260 from Fig. 1a. (b) The best cycle-length.
See Sect. 3 for details. Adapted from [25].
4 Activity in Her X-1
The X-ray light curve of Her X-1 displays only two seg-
ments (discrete spikes) of the On state (Main-On and
Short-On) during the 35 d cycle (e.g. [28, 14]). On and
Off-states do not form a clear profile of the long-term
light curve in the ASM/RXTE data; only two anoma-
lous low states ALS1 and ALS2 in which Isum was below
the detection limit can be resolved. Instead of the light
curve, the activity was therefore studied using the flu-
ence of each Main-On spike (Fig. 3a). This fluence was
determined by an integration of Isum over the profile of
the Main-On state. The scatter of fluences of the indi-
vidual spikes is real. Their time evolution is emphasized
by the HEC13 fits. They reveal a cycle of about 400 d.
Evolution the 35 d cycle, measured by the turn-on
times of the Main-On state, is correlated with that of
the spin period of the NS. This suggests the evolution
of the transfer of angular momentum from the disk to
the NS [27]. The 35 d cycle-length is always unstable,
but the largest changes coincide with ALS. ALS thus
represents an episode of the largest change of the mass
flow through the disk onto the NS. The disk remembers
the conditions for the 35 d cycle-length and its phase
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(mainly after ALS2).
Figure 3: (a) Time evolution of fluence of Main-On
states (1.5–12 keV) in Her X-1. Each episode of this
state represents a point in the curve. The smooth lines
represent the fits to the time evolution. (b) Smoothed
evolution of the optical orbital modulation of Her X-1
with time. See Sect. 4 for details.
The profile of the unique optical emission plays an
important role in distinguishing between the character
of the active and inactive states in Her X-1. Dominant
part of the optical emission in the active state is due
to reprocessing off X-rays from the close vicinity of the
NS on the part of the photosphere of the donor facing
the NS (e.g. [10]). Occasional inactive states in which
the orbital modulation remained flat and the optical
emission faint occurred only before the X-ray astron-
omy era (e.g. [12]). They were caused by temporary
decreases of this irradiation. A heavy smoothing of the
AAVSO optical data enabled to study the time evolu-
tion of the orbital modulation, hence of the X-ray irra-
diation of the donor (Fig. 3b). This revealed a relation
between the optical and X-ray long-term activity. In
spite of a decrease of the optical brightness accompany-
ing the fall of X-ray flux in ALS1, the X-ray irradiation
remained. This implies that accretion continued even
during ALS1. This event was therefore not a real low
state like those in the pre-X-ray astronomy era.
A similar situation was the ALS in 1983 when the
optical modulation of Her X-1 remained comparable to
that in the active state [5]. However, the observations
by the ASTRON satellite revealed very large differences
between the X-ray spectra obtained in this ALS and af-
ter recovery from this low state (1984) [26]. Intense
cyclotron emission of the NS dominated during normal
Main-On state of the 35 d cycle (Aug 25, 1984). On
the contrary, the X-ray spectrum obtained in ALS in
the phase when Main-On state was expected (June 30,
1983) showed a combination of a faint cyclotron emis-
sion of the NS and reflection of the donor. Both the
orbital modulation in the optical band and the reflec-
tion of the donor in the X-ray band confirmed that the
mass accretion continued during ALS.
ALS1 in Fig. 3a appears to be extreme in the sense
that both the change of the 35 d cycle of the disk and
the increase of the spin period of the NS had the largest
amplitude among the episodes of ALS [27]. The de-
crease of the optical brightness in ALS1 (Fig. 3b) then
suggests that these changes of the disk were also ac-
companied by a decrease of the X-ray irradiation of the
donor.
5 Conclusions
The modulation of X-ray emission in KS 1731–260 was
first attributed to the precession of the accretion disk
by [22]. Its PC ≈ 38 d in the main outburst is quite
different from TC ≈ 51 d of the echo outbursts. The
series of the echo outbursts in KS 1731–260 [24] can be
used as an independent method for determining its Porb
to be about 0.5 − 1 d [24]. Since the length of Porb is
by more than an order of magnitude shorter than PC,
KS 1731–260 became a new member of the family of
X-ray binary systems with superorbital cycles. The su-
perorbital cycle of KS 1731–260 cannot be caused by
transitions of the disk between the hot and the cool
state because it occurred only during the phase of the
hot (ionized) state of the disk (see also [25]).
The disk had the memory of the cycle as regards the
length of PC in KS 1731–260 even when this modula-
tion sometimes disappeared in the main outburst, and
in Her X-1 during ALS. Nevertheless, the disk still ex-
isted even during these phases, which is suggested by
the intense X-ray emission in KS 1731–260 and the re-
processing off X-rays in the optical band in Her X-1.
Intense irradiation of the disk by X-rays is a viable
explanation for the disk precession and warping (see
models of [8, 9]). Indeed, KS 1731–260 and Her X-1 are
strong emitters (LX ≈ 1.8 × 1037 erg s−1 in the main
outburst of KS 1731–260 [20], LX ≈ 2× 1037 erg s−1 in
the Main-On state of Her X-1 [17]). This is about 0.1
of the Eddington luminosity. However, it is necessary
to find how this precession gives rise to the modulation
of the observed X-ray intensity. In Her X-1, absorption
causes X-ray variations during the cycle [23]. However,
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this explanation is not applicable to KS 1731–260.
We propose an alternative explanation for the mod-
ulation in KS 1731–260. The models of [8, 9] show that
the stream of matter inflowing from the donor reaches
quite different impact regions of the tilted and warped
disk during the cycle. This impact can occur deep in
the inner disk region in some phases. This therefore
affects the mass flow in the inner disk during the in-
dividual phases. In this scenario, the true cycle-length
can be twice as long if the profile is double-wave. The
almost constant HR1 and HR2 during the cycle can be
explained if the spectral components [4] and their inten-
sities vary with a variable mass accretion rate onto the
NS. The number of mechanisms for the modulation dur-
ing superorbital cycle therefore increases in this family
of systems.
In KS 1731–260, the atoll shifts on a timescale of less
than a day [3] are superimposed on the superorbital cy-
cle. According to [1], atoll type shifts are caused by
variations of the mass accretion rate onto the NS. This
suggests that the accretion is due to the contributions
of various simultaneous flows of matter.
Magnetic flux density B of the NS is important for
the emission mechanism in the X-ray band. Is there any
relation between this mechanism and the superorbital
cycle? Her X-1 contains a pulsar with the spin period
of 1.24 s (0.806 Hz) [28] and B ≈ 5 × 1012 Gauss [29].
It produces cyclotron emission (e.g. [16]). On the other
hand, KS 1731–260 is a millisecond pulsar with the spin
period of 524 kHz [19]. In the main outburst, its emis-
sion is a combination of an optically thick Comptoniza-
tion component and a blackbody component [20]. This
suggests B of the NS much smaller than in Her X-1. All
this implies that the superorbital cycle can operate even
for such largely different mechanisms of X-ray emission,
hence for the largely different B and the accretion flows
near the NS.
Acknowledgement
This research has made use of the observations
provided by the ASM/RXTE team. I used the
AAVSO International database (Massachusetts,
USA). This study was supported by the grants
102/09/0997 and 13-33324S provided by the Grant
Agency of the Czech Republic. I made use of the
code developed by Dr. G. Foster and available at
http://www.aavso.org/data/software/wwz.shtml.
I thank Prof. Petr Harmanec for providing me
with the code HEC13. The Fortran source ver-
sion, compiled version and brief instructions how
to use the program can be obtained via http://
astro.troja.mff.cuni.cz/ftp/hec/HEC13/.
References
[1] Bloser, P.F., et al.: 2000, ApJ, 542, 1000
doi:10.1086/317019
[2] Barret, D., et al.: 1998, A&A, 329, 965
[3] Barret, D., et al.: 2000, ApJ, 533, 329
doi:10.1086/308651
[4] Chelovekov, I. V., et al.: 2006, AstL, 32, 166
[5] Delgado, A. J., et al.: 1983, A&A, 127, L15
[6] Dubus, G., et al.: 2001, A&A, 373, 251
[7] Foster, G.: 1996, AJ, 112, 1709
[8] Foulkes, S.B. et al.: 2006, MNRAS, 366, 1399
doi:10.1111/j.1365-2966.2005.09910.x
[9] Foulkes, S.B., et al.: 2010, MNRAS, 401, 1275
doi:10.1111/j.1365-2966.2009.15721.x
[10] Gerend, D., Boynton, P. E.: 1976, ApJ, 209, 562
[11] Henden, A.: 2011, AAVSO database
[12] Hudec, R., Wenzel, W.: 1976, BAICz, 27, 325
[13] King, A.R.: 2006, in Compact Stellar X-Ray
Sources, Cambridge Univ. Press
[14] Leahy, D. A.: 2002, MNRAS, 334, 847
doi:10.1046/j.1365-8711.2002.05547.x
[15] Levine, A. M., et al.: 1996, ApJ, 469, L33
[16] Lewin, W. H. G., et al.: 1995, X-Ray Binaries,
Camb. Astr. S., Vol.26
[17] McCray, R. A., et al.: 1982, ApJ, 262, 301
[18] Morrison, R., McCammon, D.: 1983, ApJ, 270,
119
[19] Muno, M. P., et al.: 2000, ApJ, 542, 1016
doi:10.1086/317031
[20] Narita, T., et al.: 2001, ApJ, 547, 420
doi:10.1086/318326
[21] Orosz, J.A., et al.: 2001, ATel 75
[22] Revnivtsev, M., Sunyaev, R.: 2003, A&A, 399, 699
[23] Roberts, W.J.: 1974, ApJ, 187, 575
doi:10.1086/152667
[24] Sˇimon, V.: 2010, A&A, 513, A71
[25] Sˇimon, V.: 2012, NewA, 17, 697
doi:10.1016/j.newast.2012.04.006
[26] Sheffer, E. K., et al.: 1992, SvA, 36, 41
249
Vojteˇch Sˇimon
[27] Staubert, R., et al.: 2009, A&A, 494, 1025
[28] Tananbaum, H., et al.: 1972, ApJ, 174, L143
doi:10.1086/180968
[29] Truemper, J., et al.: 1978, ApJ, 219 L105
doi:10.1086/182617
[30] Vondra´k, J.: 1969, BAICz, Vol.20, 349
[31] Wijnands, R., et al.: 2001, ApJ, 560, L159
doi:10.1086/324378
[32] Zurita, C., et al.: 2010, A&A, 512, A26
250
